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ABSTRACT: The influence of molecular confinement on the
melting transition of oriented Na-DNA fibers submerged in
poly(ethylene glycol) (PEG) solutions has been studied. The
PEG solution exerts an osmotic pressure on the fibers which,
in turn, is related to the DNA intermolecular distance.
Calorimetry measurements show that the melting temperature
increases and the width of the transition decreases with
decreasing intermolecular distance. Neutron scattering was
used to monitor the integrated intensity and width of a Bragg
peak from the B-form of DNA as a function of temperature.
The data were quantitatively analyzed using the Peyrard−
Bishop−Dauxois model. The experiments and analysis showed that long segments of double-stranded DNA persist until the last
stages of melting and that there appears to be a substantial increase of the DNA dynamics as the melting temperature of the DNA
is approached.

■ INTRODUCTION

The melting transition of DNA is the process in which an
increase in temperature causes the hydrogen bonds between
the base pairs to break. As the temperature rises, an increasing
number of base pairs separate until the two strands of the
double helix completely denature.
The thermal denaturation of this life-essential molecule has

been extensively studied to learn the intramolecular inter-
actions, the impact of the base pair sequence on DNA
unwinding, and the effect of the solvent on DNA stability.1−3 A
better understanding of the transition could have an immediate
impact on applications such as high-resolution melting analysis4

or polymerase chain reactions,5 which are widely used in
biolabs around the world. However, the melting of DNA is
itself interesting to study from a theoretical point of view

because it is essentially a phase transition in a one-dimensional
system.
Experimentally, the transition has been studied with

techniques that probe either the bulk, like calorimetry, UV−
vis absorption, and circular dichroism, or localized points on
the molecule, like fluorescence. These techniques cannot access
the spatial structure of the DNA molecules and so they cannot
determine how the open and closed base pairs are distributed
during the transition. Knowledge of spatial correlations and
how they evolve with temperature is necessary for a complete
understanding of the transition.
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Scattering techniques are able to access structural informa-
tion and thus give information on the spatial correlations within
the molecule. Such information is more easily accessible when
the sample has a long-range order, which gives rise to Bragg
peaks. DNA fibers, in which the molecules are coaligned and
under close packing, have sufficient long-range order to give
Bragg peaks. The advantage of focusing the study on Bragg
peaks is that the information of interest is collected in a
measurement that is only weakly perturbed by sample
imperfections and incoherent contributions to the scattering.
The melting transition of an oriented fiber DNA has been

previously studied6,7 using neutron scattering, and the results
were modeled with the mesoscopic statistical−mechanical
Peyrard−Bishop−Dauxois (PBD) model.8 The PBD model
calculates the melting behavior of a single, isolated DNA
molecule. The model successfully reproduced the observed
temperature-dependent behavior of neutron scattering, showing
that some long segments of double-stranded DNA persisted
until the very last stages of the melting transition. However, the
model does not account for interactions between the DNA
molecules, which will be present in the close-packed environ-
ment of a fiber. The restricted degrees of spatial freedom due to
confinement could arguably have an impact on the
interpretation of the data. This article reports a study to
determine whether spatial confinement of DNA has an impact
on the melting transition and on the ability of the PBD model
to reproduce the transition.
The method chosen to test the influence of confinement was

immersion of fibers in a solution. The previous studies6,7 used
fibers whose water content was controlled via a humid
atmosphere. The fibers swell if immersed, changing the
distance between the molecules and allowing the influence of
spatial confinement to be probed. However, the fibers can
potentially dissolve if immersed. The use of scattering
techniques to measure Bragg peaks requires that the high
degree of orientation imposed by the fiber structure must be
preserved. The solution must be carefully chosen to allow the
fiber to swell without losing its orientation and, in the worst
case, dissolving it.
A saline solution containing a high-molecular-weight (MW)

polymer, such as poly(ethylene glycol) (PEG), is an ideal
candidate. If PEG does not penetrate the DNA fibers, the
osmotic pressure applied by the PEG acts analogously to a
mechanical and permeable piston, preventing DNA from
dissolving, thus preserving the long-range order, while allowing
water and salt to be exchanged between the fibers and the
solution. This osmotic pressure method has been reported in
numerous articles.9,10 X ray diffraction has proved that fibers
equilibrated with these kind of solutions show a well-defined
interaxial distance between molecules, which increases with
decreasing concentration of the added polymer.10

A pilot experiment on fibers submerged in a PEG solution
has been successfully performed and reported previously.11 It
proved that it is possible to follow the DNA melting transition
using scattering techniques on a submerged sample, but the
quality of the data was insufficient for a quantitative modeling
by theory. The pilot experiment was performed with 20 000
MW PEG, and it was concluded that the experiment could be
improved using a much lower molecular weight PEG. The
molecular weight must not be so low, however, that the PEG
can penetrate the fiber and influence the melting transition.
In this article, the results of a study of Na-DNA fiber samples

submerged in four different PEG solutions using neutron

scattering are presented and quantitatively analyzed in terms of
the PBD model. The results of an extensive calorimetry
investigation on similar samples are also reported, which
provide a thermodynamical view of the bulk transition.

■ METHODS

Sample Preparation. Oriented Na-DNA fibers were made
from natural salmon DNA purchased from Sigma-Aldrich
(Salmon testes Fluka). The fibers were prepared from a
solution of Na-DNA with sodium counter ions (1.58 g/L−1 Na-
DNA and 0.15 M NaCl). The wet spinning method12 was used
to create samples of sufficient size and quality for a neutron
scattering experiment. Details of the preparation have been
reported in previous publications.13,14 After spinning, the fibers
were initially stored under a 75% humidified atmosphere
created by a supersaturated NaCl solution for several weeks.
Afterward, the fibers were humidified to 92% in a 2H2O
atmosphere using a supersaturated potassium nitrate (KNO3)
solution. With this humidity, the DNA molecules adopt the B-
conformation.14 Some samples were kept under these
conditions as a control, and these samples will be subsequently
referred to as humidified fibers.
Solutions of 6000 and 8000 MW PEGs (hereafter referred to

as PEG6k and PEG8k, respectively) were made for submerging
the fibers. These molecular weights have been shown to be
close to the lightest weight that can be used in the osmotic
pressure method, with lower-MW PEGs known to penetrate
into the DNA fibers.15 PEG was dissolved in a buffer made with
2H2O with 0.1 M NaCl, 10 mM Tris, and 1 mM ethyl-
enediaminetetraacetic acid at pD 7. 2H2O was used as 2H has a
much lower incoherent cross section for neutrons than that of
1H; hence, the signal-to-noise ratio for the Bragg peaks would
be much larger. The concentration range was 5 < C% < 40,
where C% = 100 × weight of polymer/total weight of the
solution, which corresponds to osmotic pressures that have
been shown to allow a substantial variation in the
intermolecular DNA spacing while preventing the DNA from
dissolving.9,10,15 The solutions were degassed by subjecting
them to a vacuum for 30 min.

Calorimetry. Four different kinds of samples were studied
with differential scanning calorimetry (DSC): fiber samples
submerged in PEG6k and PEG8k solutions, fibers submerged
in the buffer used for preparing the PEG solutions, humidified
fibers at 92% relative humidity (RH), and a dilute solution of
the same DNA used to prepare the fibers dissolved in the
buffer. For preparing the set of submerged samples, fibers with
mass approximately 25 mg when dry were submerged in 0.5 mL
of the appropriate solution. Note that submersion in a PEG-free
buffer caused partial dissolution of the fibers, but due to the
relatively low solubility of DNA in water (10 mg/mL for a
saline buffer according to the provider), most of the DNA
remained in a fiber form. The DNA concentration of the
dissolved sample was 2 mg/mL, and the volume of solution
measured was 0.33 mL.
The instrument used for measuring the fiber DNA samples

was Micro DSC III (Setaram), whereas Nano DSC III
(Calorimetry Science Corp.) was used to measure the dissolved
DNA sample. The heating and cooling rate, β, was set to 1 °C/
min in every case. On both instruments, the differential heat
flux, ΔP, was measured between the sample and a reference
tube. The DNA solution and the fibers submerged in buffer
were measured with respect to the Na-2H2O buffer, whereas the
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PEG samples were measured with respect to their correspond-
ing PEG solutions. The humidified fibers were measured with
respect to an empty reference tube.
Prior to measuring the submerged fibers and dilute DNA

solutions, calorimetric curves were recorded with the reference
solution in both the sample and reference tubes. These curves
were subtracted from the ΔP measured for the DNA-
containing samples to account for instrumental artifacts. For
the humidified fibers, a measurement was made with both
sample and reference tubes empty, and this signal was
subtracted from the sample data.
The differential heat capacity, ΔC, was calculated using ΔP

with the following equation

β
τΔ = − Δ − Δ

C
P P

T
d( )

d (1)

where T is the temperature and τ is an instrument response
constant, which was approximately equal to 60 s for both
calorimeters. The specific heat of DNA was then given by Δc =
ΔC/mDNA, where mDNA is the mass of DNA. A pretransition to
post-transition baseline was subtracted; thus, the melting profile
is relative to 0. Because Δc before and after the transition is
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where Tmin and Tmax are the minimum and maximum
temperatures of the calorimetric scan. The melting temperature
of the transition, Tm, is then defined as the temperature for
which f DS = 0.5. The transition peak was fitted with a Gaussian
function, and the width of the transition was identified with the
full width half-maximum of the fit. Values of Tm and width
presented in this article are the average of up to three
measurements on identical samples, and the error bars ascribed
to the data are the standard deviations of the measurements.
Neutron Scattering. Each sample for neutron scattering

consisted of around 0.6 g of DNA fibers, which were
concertina-folded and placed with their axes coaligned in a
square aluminum cassette. The volume of the samples in the
cassettes was roughly 20 × 20 × 2 mm3. The cassettes were
sealed using a lead wire. The humidified fibers were sealed in
their 92% RH atmosphere, and the rest of the samples were
submerged in roughly equal volumes of the appropriate
solution of PEG before sealing. The samples were left to
equilibrate with the liquid for a week before being measured.
Four samples of DNA submerged in PEG solutions were
studied by neutron scattering: the solutions containing PEG6k-
17%, PEG6k-20%, PEG8k-15%, and PEG8k-20%. These
concentrations were chosen because clear and intense Bragg
peaks could not be obtained with samples containing lower or
higher PEG concentrations. With lower concentrations, the
relatively low osmotic pressures did not maintain enough long-
range order. With higher concentrations, the contribution of
PEG to the scattering engulfed most of the DNA signal.
The scattering geometry was depicted in previous

publications.11 The incident neutrons had wave vector ki ⃗ and
were scattered with an angle 2θ to a final direction kf.⃗ The
scattering vector, or momentum transfer, was Q⃗ = ki ⃗− kf.⃗ Thus,

its magnitude was as follows: Q = 4π sin(θ)/Λ, where Λ is the
wavelength of the incident neutrons.
For each data set, the detector position was fixed and data

were measured as a function of the sample rotation around the
axis normal to the scattering plane; thus, selected parts of the
reciprocal space were explored. The data were corrected for
sample self-attenuation.
The scattering data were plotted using a convention,

previously reported,14 in which orthogonal reciprocal space
directions are defined: Q⃗ = Q⃗∥ + Q⃗⊥x + Q⃗⊥y. Q⃗∥ is parallel to the
fiber axis, Q⃗⊥x is normal to the plane of the cassette, and Q⃗⊥y is
perpendicular to the fiber axis and is in the plane of the cassette.
The samples were measured using the D19 and D16

diffractometers at the Institut Laue-Langevin (France) and the
WOMBAT powder diffractometer at the OPAL research
reactor (Australia).
D16 was configured with a graphite monochromator. The

incident wavelength was 4.55 Å. The monochromator−sample
distance was 2.9 m. Presample collimation and beam size were
defined with two slits: one rectangular (120 × 25 mm2 H × W)
at 100 mm from the monochromator and another squared (25
× 25 mm2) at 50 mm from the sample. A beryllium filter was
used to suppress high-order contamination, and data were
collected with its 320 × 320 mm2 detector at several 2θ angles.
There was no collimation between the sample and the detector.
D19 was also configured with a graphite monochromator

delivering an incident wavelength of 2.4 Å. The monochroma-
tor−sample distance was 3.18 m. Presample collimation and
beam size were defined with two sets of squared slits (12 × 12
mm2) and a circular aperture (diameter of 10 mm). The slits
were at 1.51 and 2.49 m from the monochromator. The circular
aperture was at 3.1 m from the monochromator. High-order
Bragg contamination was eliminated using a graphite filter. D19
has a 120° position-sensitive detector, which was fixed
throughout the experiment. There was no collimation between
the sample and the detector.
WOMBAT was used with a germanium monochromator.

The monochromator−sample distance was 2.5 m. Presample
collimation and beam size were defined with a set of rectangular
slits (17 × 25 mm2 H × W) at 160 mm from the sample. The
position-sensitive detector was fixed for the measurements. A
beryllium filter was again used to suppress high-order
contamination. An oscillating radial collimator of 0.5° between
sample and detector positions was used for background
suppression.
Two sets of measurements were made:

1. D16 and WOMBAT (with a wavelength of 5.66 Å) were
used to record wide reciprocal space maps at room
temperature to characterize the samples. The maps were
measured with the fiber axis within and normal to the
scattering plane. The maps were consistent with what
was previously observed for humidified14 and PEG
samples.11 Of particular interest was the strong Bragg
peak centered at Q⃗∥ ≈ 1.87 Å−1 when the fiber axis was
in-plane, corresponding to the average distance between
consecutive base pairs of abp ≈ 3.14 Å. This is the Bragg
peak previously studied in ref 16, and it proves that the
samples were in a semicrystalline B-form.

2. D19 and WOMBAT (with a wavelength of 4.62 Å) were
used to record the temperature-dependent evolution of
the Bragg peak at Q⃗∥ ≈ 1.87 Å−1. Reciprocal space maps
with the fiber axis within the scattering plane (Q⃗⊥y = 0)
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were collected at several temperatures between 20 and
110 °C. Then, data along Q⃗∥, when Q⃗⊥x = 0, were
extracted for each temperature. These cuts through the
maps go through the center of the Bragg peak.

Two different sample environments were used. On D19, two
heating elements were attached to the opposite vertices of the
square cassette. This gave a temperature stability of around
±0.2 °C at room temperature, but thermal oscillations
increased with temperature. The temperature stability was
roughly ±1 °C at 95 °C, corresponding to the Tm of the
PEG6k-17% sample. On WOMBAT, a flow of heated air was
used. On this instrument, a technical problem with maintaining
the rate of the air flow affected the thermal stability at high
temperatures when measuring the PEG6k-20% sample. The
problem was corrected for subsequent measurements. The
thermal stability was around ±1 °C at 95 °C for the PEG6k-
20% sample and <0.1 °C over the whole temperature range for
the PEG8k-15% and PEG8k-20% samples.
The raw experimental neutron data from D16 and D19 are

separately accessible.17

■ RESULTS
Differential Scanning Calorimetry. The calorimetry data

for every sample showed a well-defined peak, related to the
excess heat capacity of the melting transition. Figure 1a shows
the specific heat as a function of temperature for a humidified
fiber and a sample submerged in a solution of PEG6k-20%,
along with the respective fits to the curves. The fraction of
closed base pairs for each sample, calculated using eq 2, is also
plotted. The melting temperatures corresponding to the
temperature at which half of the base pairs are open are
highlighted.
Figure 1b shows melting temperatures for the samples. The

Tm’s for the immersed fibers were all higher than those for the
dilute DNA solution. Tm increases linearly with increasing PEG
concentration, and the increase does not appear to depend on
the molecular weight of PEG.
Figure 1c shows the widths of the melting transition for the

samples. The width is the same for the dilute DNA solution and
for fiber DNA immersed in buffer without PEG. The widths
decrease linearly with increasing PEG concentration, and, as for

the melting temperature, the behavior is the same for PEG6k
and PEG8k.
The melting temperature and width for the humidified fibers

are included for completeness in Figure 1b,c. The melting
temperature is similar to that for the dilute DNA solution and is
less than that for immersed fibers. The width is narrower than
for any of the other samples. Comparisons between the
humidified fiber and the other samples, however, must be made
with caution as the former sample will have very different water
and Na+ contents. The melting transition is strongly affected by
water and ion activities,18 which are approximately equivalent
for the immersed fibers10 and the dilute DNA solution but will
be different for the humidified fibers. Consequently, it is very
difficult to attribute a definitive reason behind the calorimetric
differences between the humidified sample and the others.

Packing Structure of the Molecules. Reciprocal space
maps were recorded for two sample orientations, with the fiber
axis within and normal to the scattering plane. The maps
represent the diffracted intensity in reciprocal space using the
perpendicular coordinate system introduced in the Methods
section: (Q⃗∥, Q⃗⊥x, Q⃗⊥y). They all are qualitatively identical to
what was presented in previous studies for B-form DNA.11,19

The features of the submerged samples were smaller in
magnitude and broader in the sample rotation angle with
respect to the humidified fibers as observed previously.11 This
suggests that some orientation of the fibers has been lost due to
the submersion. However, the samples retained enough
orientation to give strong Bragg peaks.
The reciprocal space maps collected with the fiber axis

normal to the scattering plane (Q⃗∥ = 0) showed two strong
ringlike features at low Q⃗, as observed previously.11 These
reflections are at constant Q, or, equivalently, at constant 2θ.
These are Bragg peaks arising from correlations in the direction
perpendicular to the molecular axis. They relate to the packing
structure of the molecules in the fiber. These measurements
were used to calculate the intermolecular distance of the
different samples and thus to gauge the effect of the PEG
solutions on the confinement of the molecules. The data of
these maps were summed over the sample rotation angles and
plotted as a function of the magnitude of the scattering vector.
The results can be seen in Figure 2.

Figure 1. (a) Heat capacities per unit mass, Δc, for Na-DNA fibers equilibrated in a 92% humid atmosphere and submerged in a solution of PEG6k-
20% w/w are plotted with solid thick black lines, the solid thin red lines represent the fit to the data, and the blue dashed lines represent the fraction
of closed base pairs as a function of temperature. The Tm’s are highlighted. (b) Melting temperature measured by DSC of the DNA dissolved in the
buffer without PEG, DNA fibers humidified at 92% RH, fibers submerged in the buffer, and fibers submerged in solutions of PEG6k and PEG8k as a
function of the PEG concentration. (c) Width of the transition as seen by DSC for the same samples as shown in panel (b) as a function of the PEG
concentration. The green line marks the value of the width for the humidified fibers. The error bars represent the standard deviation of
measurements on identical samples.
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The peaks for the submerged samples are shifted to lower Q
values with respect to those of the humidified fibers. This
reflects an increase in the lattice parameters, which is consistent
with the fiber swelling when submerged. B-form DNA fibers are
believed to have a hexagonal space group, as shown for the B-
form Na-DNA at 92% RH by Langridge and Wilson20 and for
samples submerged in PEG solution by Podgornik et al.10 The
two peaks can be indexed as the 110 and 200 reflections,
respectively, from the hexagonal lattice. The d-spacing related
to a given peak is d = 2π/QC, where QC is the center of the
peak, and the relation between the Miller indices and lattice
parameter a, corresponding to the axis-to-axis distance between

two molecules, is = + +( )a d h kh k( )4
3

2 2 1/2
.

The centers of the peaks for a given sample were determined
by fitting two Lorentzian functions with a linear background.
The results of the fits can be seen in Figure 2. The lattice
parameter of the humidified sample was calculated using the
average a from both peaks and was found to be aHu = 24.66 ±
0.09 Å, which is consistent with previous results.20 The
intermolecular distances for the other samples were calculated
accordingly, and the percentage increase in the intermolecular
distance with respect to the humidified fibers was computed.
Table 1 shows the values of the percentage increase for each
sample.

Temperature Dependence of Neutron Scattering.
Temperature-dependent scattering for four samples (PEG6k-
17%, PEG6k-20%, PEG8k-15%, and PEG8k-20%) was
collected to follow the evolution of the Bragg peak at Q∥ ≈
1.87 Å−1. The integrated intensity of the peak is directly
proportional to the number of closed base pairs in the intact
double-helical domains. As the temperature rises and the base
pairs dissociate, the integrated intensity of the peak will fall.

The width of the Bragg peak is inversely proportional to the
average size of the intact double-helical domains. It gives access
to the evolution of the correlation length of the molecule as a
function of temperature.
Two cassettes containing PEG-only solutions were prepared.

The cassettes contained PEG6k-17% and PEG6k-20%
respectively. The temperature-dependent scattering of each
was measured to account for the contribution of the PEG
solution to the scattering of the sample. The changes in the
scattering of the solutions with temperature were negligible.
The cuts along Q⃗∥ at Q⃗⊥x = Q⃗⊥y = 0 in the maps of the DNA

samples for every temperature were concatenated to create
Figure 3. Each scan showed a mixture of Bragg and diffuse
scattering. The Bragg scattering consisted of the DNA Bragg
peak at Q⃗∥ ≈ 1.87 Å−1 and other Bragg peaks related to the
material of the sample cassette. The diffuse contribution gave
rise to a nonzero Q-independent background plus a broad
bump underneath the Bragg peaks. The DNA Bragg peaks are
relatively unchanged until high temperatures are reached, where
they disappear. Every sample was cooled back to room
temperature after the measurement at the highest T and then
measured again. The Bragg peak was not recovered in any
sample, showing that the DNA had completely melted at high
T and the orientation given by the fiber structure had been lost.
This is in contrast to the pilot study where heating was stopped
before the melting transition was completed and a Bragg peak
was recovered when the sample was cooled back to room
temperature.11

The PEG6k-17% sample was measured on D19 and is shown
in Figure 3a. The figure shows that there is an increase in the
diffuse background as the transition is approached, particularly
for T ≥ 97 °C. This effect must be related to the DNA because
the scattering from the PEG solution alone did not change
significantly with T.
Figure 3b−d shows data from samples measured on

WOMBAT. An increase in the diffuse scattering with
temperature is present in these samples as well, but it is
weaker and barely noticeable in these figures. The narrow peak
appearing at ≈2.2 Å−1 in the WOMBAT data was attributed to
a Bragg peak from the lead seal of the cassette. It did not appear
in the D19 data because of the smaller footprint of the beam.
The width of the beam on WOMBAT (25 mm) illuminated the
lead seal of the cassette but on D19 the circular beam of
diameter 10 mm did not.

Figure 2. Sum of the intensities over the sample rotation angles of data collected with the fiber axis normal to the scattering plane for a constant
scattering vector as a function of Q. The curves have been shifted vertically for the sake of clarity. The red lines represent the fits to the data.

Table 1. Percentage Increase in the Intermolecular Spacing
for Na-DNA Fibers Submerged in PEG Solutions With
Respect to the Humidified Fibers

sample a (Å) Δ (%)a
aHu

PEG6k-17% 28.24 ± 0.05 14.54 ± 0.91
PEG8k-15% 26.92 ± 0.06 9.18 ± 0.99
PEG8k-20% 26.11 ± 0.04 5.9 ± 0.81
PEG6k-20% 25.48 ± 0.03 3.33 ± 0.70
humid fibers 24.66 ± 0.09 0
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Representative data for the Q⃗∥ scans of the PEG6k-17%
sample measured on D19 and for the PEG6k-20% sample
measured on WOMBAT at different T’s are shown in Figure
4a,b, respectively. The DNA Bragg peak at Q⃗∥ ≈ 1.87 Å−1 is
clearly visible. The figure includes a similar scan for the
cassettes containing only the PEG solutions at room temper-
ature. It shows that the diffraction from PEG generates a broad
bump in the same Q⃗∥ range as that for the DNA peak. The
bump cannot be easily subtracted from the DNA curves due to
the uncertainty in the liquid volumes of the two samples,
meaning that the two data sets could not be accurately
normalized on the same scale. The narrow peaks appearing at

Q⃗∥ ≈ 2.6 and 3.1 Å−1 in the D19 data are due to Bragg peaks
from the aluminum of the cassette. The Q-range recorded on
WOMBAT is smaller due to the longer wavelength used with
respect to D19.
The DNA Bragg peak was fitted at every temperature to

determine the integrated intensity and width. In previous
studies performed on humidified fibers,6 the peak could be
fitted with a Lorentzian function on a constant background.
Although a Lorentzian is still appropriate for the Bragg peak,
the addition of the PEG solution to the DNA sample gave rise
to added diffuse scattering that complicated the fitting of the
peak. The origin of the diffuse scattering is not totally clear.

Figure 3. Temperature dependence of the Q∥ ≈ 1.87 Å−1 Bragg peak for (a) the PEG6k-17% sample measured at D19 and the samples measured at
WOMBAT: (b) PEG6k-20%, (c) PEG8k-15%, and (d) PEG8k-20%.

Figure 4. Representative examples of the temperature dependence of the Q∥ ≈ 1.87 Å−1 Bragg peak and the PEG solution without DNA for (a) the
PEG6k-17% sample measured at D19 and (b) the PEG6k-20% sample measured at WOMBAT. The red solid lines are the final fits to the data using
eq 6, and the blue dashed lines are the fits to the diffuse scattering (eq 4). The curves have been shifted vertically for the sake of clarity.
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The contribution of PEG is important, as shown in Figure 4,
but DNA is also contributing because it is responsible for the
part of the diffuse scattering that increases with temperature.
A Lorentzian function was used to describe the DNA Bragg

peak, and the diffuse scattering was modeled using a
phenomenological approach. The Bragg peak was modeled
with

π
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where I0 is the integrated intensity of the peak, γ is the full
width at half-maximum of the peak, and Q0 is the peak center.
The best results for fitting the diffuse scattering were achieved
using a straight line plus a “double-step” function of the form
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A0 and B are, respectively, the intercept and slope of the straight
line. The third and fourth terms in eq 4 generate a function
with a rising step centered at Q1 and a declining step centered
at Q2 with a plateau in between whose height is set by A1. The
gradients of the first and second steps are defined as s1 and s2,
respectively. Finally, the Bragg peaks not related to DNA (Al
and Pb) were accounted for with Gaussian functions
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where Ai are the integrated intensities of the Gaussian
functions, Q0,i are their centers, and si are their variances.
The total intensity for every temperature was fitted with the

following expression

= + +I Q I I I( ) 1 2 Al,Pb (6)

A0 and B were not fit-parameters. Their values were calculated
before fitting a given curve. For the D19 data, the average
values of the scattering signal for Q∥ < 0.6 Å−1 and Q∥ > 3.4 Å−1

were calculated and a line was drawn between the two values.
A0 and B were taken as, respectively, the intercept and slope of
that line. For the WOMBAT data, B was set to 0 and A0 was
determined by averaging the signal for Q∥ < 0.8 Å−1. In
addition, for the WOMBAT data, the diffuse scattering was
represented by a single rising step function, so the term

−( )tanh
Q Q

s
2

2
in eq 4 related to the declining step was

discarded.
The curves of the PEG solutions at room temperature were

fitted using eq 4. The results can be seen in Figure 4a,b. The
values for the parameters of this fit (A1, Q1, s1, Q2, s2) were used
as part of the initial set of values for fitting the DNA data at
room temperature using eq 6. The rest of initial values were
chosen by visual comparison. The final fitted parameters were
robust.
For subsequent temperatures, a two-stage process was used

to get an accurate fit when the size of the Bragg peak and the
diffuse contribution became comparable. For a given temper-
ature above room temperature T, the γ from the fit of the
previous temperature was used to define a range in Q centered

at around the DNA Bragg peak (Q0 − 0.8γ ≤ Q ≤ Q0 + 0.8γ).
In the first stage, the parameters of the DNA Bragg peak (eq 3)
were fixed, data inside the previously defined range were
ignored, and eq 6 was fitted using the results for the fit of the
previous temperature as initial values for the parameters. In the
second stage, data outside the range were ignored, the
parameters of eqs 4 and 5 were fixed to the fitted values of
the first stage, and the DNA Bragg peak was fitted with eq 6.
The two-stage process was repeated three times per temper-
ature. Each new iteration used the parameters of the previous
iteration as initial parameters for the fit. After three iterations,
the parameters were stable.
The fitted values for eq 5 did not change within reasonable

limits with T, which is consistent with the fact that no
significant changes were expected from Al or Pb in the range of
temperatures studied.
Examples of the fits can be seen in Figure 4. The fitting is

very consistent but should be interpreted with care at high
temperatures, where the Lorentzian peak was so small in
comparison to that of the diffuse contribution that the general
fit had trouble converging. At these temperatures, the values for
γ and Q0 were fixed to the values of the last temperature at
which the fit converged and only I0 was fitted.
Figure 5 shows the evolution of the A0 parameter with

temperature for all of the samples. A0(T) in this figure is

normalized by its value at T = 20 °C to allow easy comparison
between samples. A0(T) describes adequately the magnitude of
the increase of diffuse scattering with T. The figure proves that
the diffuse contribution rises close to the melting temperature
in every sample. The increase at the highest T reached is
approximately 20% in D19 data and approximately 5% in
WOMBAT data. It is likely that this quantitative difference,
clearly visible on comparing Figure 3a with Figure 3b−3d, is
due to the different instrument configurations. There are two
factors that likely to contribute to the difference.
The first concerns the collimation between the sample and

the detector. D19 had no collimation, whereas WOMBAT used
an oscillating collimator. In principle, an oscillating collimator
limits only the scattering gauge volume of the sample. However,
the diffuse scattering resembles, to first order, incoherent
scattering, whereas the scattering angles for the Bragg peaks are
reasonably well self-collimated. The WOMBAT oscillating

Figure 5. Parameter A0 from eq 4 as a function of the reduced
temperature (T/Tm calculated in celsius) normalized by its value at 20
°C for each sample. A0 is the average of the intensity at low Q and
represents the magnitude of the diffuse contribution. The results come
from the quantitative analysis of the data in Figure 3. The curve related
to the PEG8k-20% sample is shifted downward by 0.05 units for the
sake of clarity.
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collimator also limits instantaneously the divergence of the
scattered beam to 0.5°, thus reducing an incoherent
contribution relative to a coherent signal. This partly explains
the larger diffuse signal in the D19 data.
The second concerns the kinematic limits on the energy

integration of the neutron instrument. Neither WOMBAT nor
D19 had any means to analyze the final energy of the neutron.
Both instruments therefore integrated over neutron energy
transfers. The allowed energy and momentum transfers are
limited by the energy of the incident neutrons, which was 14.20
meV for D19 and 3.83 meV for WOMBAT. D19 therefore
integrated over a much larger energy window than WOMBAT.
Fiber DNA has substantial spectral weight from 2 to 25 meV,21

and D19 captured these lattice dynamics where WOMBAT
could not. The dynamics of DNA will change substantially as
the melting temperature is approached, giving a nonlinear
increase in the spectral weight for all Q and proportionately
more diffuse scattering in the D19 data.
Figure 5 also shows that the values for A0 do not increase

monotonically with temperature close to melting, particularly
for the PEG6k-17% (black squares) and the PEG6k-20% (red
circles) samples. The data shows small peaks in A0, which may
also be observed in Figure 3a,b as vertical lines close to the
temperature at which the Bragg peak disappears. As previously
stated, the temperature stability at the melting temperatures for
these samples was rather poor because of technical issues with
the sample environments. The amplitude of the diffuse

scattering increases rapidly with temperature in this range.
The preliminary study11 showed that the melting transition is,
to some degree, reversible in these samples so long as the
melting is not complete. It is probable that the variations in A0
are coupled with the temperature stability and that the final
registered values are indicative of the weighted average of the
fluctuating intensity over the duration of the measurement.
Figure 6 shows the fitted I0 and γ as a function of

temperature for the four samples. For all samples, the
intensities plummet and the peaks effectively disappear over
the range 0.95 ≤ T/Tm ≤ 1.05. For the WOMBAT data, the
integrated intensities and widths stay roughly unchanged until
close to the melting temperature, as seen in previous studies on
humidified fibers.6,7 This suggests that, as for humidified fibers,
long segments of DNA remain until the very last stages of
melting. These define the width of the Bragg peak. At the
temperature where these last segments denature, the intensity
of the Bragg peak is so weak that it is lost in the diffuse
scattering and any change in the width cannot be
unambiguously determined from a fit.
The PEG6k-17% sample measured on D19 shows a

somewhat different behavior. Both I0 and γ increase steadily
before the Tm. This difference in the behavior of the fitted
parameters with respect to the WOMBAT data may be related
to the different integration over neutron energy transfers for
both instruments. An increase in the phonon dynamics with
increasing temperature can manifest itself as an increasing

Figure 6. Comparison between theory and experiment for the Bragg peak and calorimetry data of the sample submerged in (a) PEG6k-17%
measured on D19 and the samples submerged in (b) PEG6k-20%, (c) PEG8k-15%, and (d) PEG8k-20% and measured on WOMBAT . The Bragg
peak results come from the quantitative analysis of the data in Figure 3. Reduced temperature T/Tm (calculated in celsius) was used, where Tm is the
melting temperature of the sample. In each panel, the three upper curves relate to the scale in the left. They are the fitted integrated intensity to the
Bragg peaks I0 (blue open circles), the theoretical integrated intensity (thick red line), and the fraction of closed base pairs calculated with
calorimetry for a corresponding sample (black dashed line); the fitted integrated intensities have been divided by arbitrary numbers for easy
comparison. The lower curves relate to the scale in the right. They are γ, the fitted widths of the Bragg peaks (black closed circles), and the
theoretical widths of the peaks (thin red lines).
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width in the tails of a Bragg peak. Such an effect would be more
dramatic in D19 because of the expanded energy integration.
Although a neutron inelastic scattering measurement would be
necessary to prove the hypothesis, it appears likely that the
increasing I0 and γ with temperature seen on D19 are due to
the increased dynamics of the fiber DNA as melting is
approached.
Analysis. The PBD model was used to make a quantitative

analysis of the fit results, following a previously reported
procedure.6,16 The model can be used to calculated the
probability that a base pair of a given sequence is closed at a
given temperature. The size and distribution of closed segments
can then be determined. The expected diffraction pattern,
S(Q), from the sequence can then be calculated and compared
to that from the experiments.
In the PBD model, the configuration energy of a DNA

molecule of N base pairs is given by
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where yj represents the stretching of the jth base pair caused by
the transverse displacement of the bases and W(yj, yj+1) is a
potential describing the stacking interaction between adjacent
bases22
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where k is the coupling constant, ρ is the relative strength of the
nonlinear base stacking, and b is the inverse range of the
nonlinear base stacking. Vj describes the intrapair potential in
the jth base pair and takes into account the hydrogen bonding,
electrostatic interactions between phosphate groups, and
solvent effects. It was assumed to be a Morse potential

= − α−V y D( ) [1 e ]j j j
yj j

(9)

Dj and αj, respectively, being the depth and inverse range of the
potential. Four different parameters were necessary for
describing the two kinds of base pairs: DAT and αAT and DGC
and αGC.
The relevant parameters for eq 7 were refined by comparing

the calculated melting curve with the data from calorimetry. To
determine the melting curve of a DNA molecule, it is necessary
to differentiate between closed and open base pairs
quantitatively. A base pair was considered to be closed if yj <
1.5 Å, consistent with previous calculations.6

A segment of the genome of Atlantic Salmon reported
previously23 (10 000 bases starting at site 50 000) was chosen
for the calculation. In the modeling, W was assumed to be the
same for all combinations of adjacent base pairs, which has
been shown to be reasonable for describing the melting curves
of long DNA molecules.6,24 The DNA sequence was taken into
account only for the calculation of the intrapair potential, Vj.
All values of the parameters of the Hamiltonian used to

model the data, except for DAT and DGC, are the same as those
previously used in the study of humidified fibers.6 They are
shown in Table 2. DAT and DGC represent the energy barrier for
base pair dissociation and thus they are the main factors in
setting the Tm of the theoretical melting curve. As shown in
Figure 1b, the melting temperature when the fibers are
submerged in the PEG solutions increases with PEG
concentration. Thus, DAT and DGC needed to be scaled to
reproduce the melting temperature of each sample. The values

for the depth of the Morse potential shown in Table 2 (DAT,95,
DGC,95) with the chosen sequence and parameters correspond
to Tm = 95 °C. For a sample with a Tm = Tm,x in celsius, the
value for DAT was scaled as

=
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+
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⎝⎜

⎞
⎠⎟D D

T 273

95 273x
x
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(10)

and an analogous expression was used for the value of DGC.
The calculated S(Q) for each T was fitted with eq 3 to

determine the values of I0 and γ as a function of T that could be
compared with the experimental data.
The calculation of S(Q) included an exponential term

analogous to a Debye−Waller factor, which accounted for the
structural and thermal disorders. The exponent of this term is
proportional to Δ, which was calculated with expression 2Δ =
Q∥

2(⟨σ2⟩ + ⟨λ2⟩).
⟨σ2⟩ is proportional to the longitudinal thermal motions of

the DNA molecule and, as done previously,6 was estimated
using ⟨σ2⟩ = kBT/μc0

2abp
2 , where kB is the Boltzmann constant, μ

= 618 amu is the DNA mass per base pair, and c0 = 2830 ms−1

is the sound velocity in DNA reported previously.25

⟨λ2⟩ is the standard deviation of the distance between
consecutive base pairs and accounts for the structural disorder
along the molecular axis. The value of ⟨λ2⟩ = 0.18 Å, reported
by Lavery et al.,26 was used to model the melting of humidified
DNA.6 This gave widths for the Bragg peak that were too small
in comparison to those of the submerged samples. ⟨λ2⟩ was
increased to model the current data. The values used can be
found in Table 3.

It is unlikely that the effects of PEG can directly modify the
standard deviation of the distance between base pairs along the
molecule. More likely, the increase of ⟨λ2⟩ accounted
phenomenologically for other disorder effects, such as an
increased variation of the alignment of the molecules, when the
fibers were submerged.
The Debye−Waller factor, 2Δ, is a function of both ⟨σ2⟩ and

⟨λ2⟩, and it is possible that the increased Bragg widths are at
least partly due to thermal fluctuations that were not linear with
temperature. However, without inelastic scattering data, it is
not possible to say whether the larger widths were mainly due

Table 2. Parameters Used in the PBD Model

parameters value

k 4.5 × 10−4 eV/Å2

ρ 50
b 0.2 Å−1

αAT 4.2 Å−1

αGC 6.9 Å−1

DAT,95 0.13150 eV
DGC,95 0.17150 eV

Table 3. Standard Deviation of the Distance Between
Consecutive Base Pairs Used to Calculated the S(Q) of Each
Sample

sample ⟨λ2⟩ (Å)

PEG6k-17% 0.45
PEG8k-15% 0.35
PEG8k-20% 0.33
PEG6k-20% 0.33
humid fibers 0.18
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to the increased structural disorder, increased thermal
fluctuations, or a combination of both factors.
Figure 6 shows a comparison of the experimental and

theoretical integrated intensities and widths of the peaks for
each sample along with the fractions of open base pairs
calculated by calorimetry. The data are plotted as a function of
reduced temperature, T/Tm, as there are differences between
the absolute melting temperatures recorded with neutrons and
calorimetry due to different sample environments.
Overall, the model matches all of the data quantitatively. The

agreement is excellent for the samples measured on WOMBAT.
Although the magnitudes for the model match the D19 data
and the model does predict a linear increase in width with
temperature, the model fails to adequately describe the gradient
of the increasing width and of the integrated intensity with
temperature below Tm. This may be an aspect of the modeling
that does not fully capture the DNA phonon dynamics which,
combined with the expanded energy integration on D19, is the
possible cause of the increases in I0 and γ. However, the
magnitudes of the intensities and widths are matched and
modeling may be regarded as satisfactory.

■ DISCUSSION
Calorimetry. Figure 1b shows that fibers submerged in

buffer (no PEG, black square) have a higher melting
temperature than that of DNA dissolved in the same buffer
(orange star). Dissolved DNA is less confined than the DNA in
the submerged fibers, and this is the only difference between
these two samples. Thus, confinement must be the origin of the
higher Tm for the fibers submerged in buffer without PEG. A
similar effect has been previously reported27 where the
transition between DNA dispersed in the solution and
aggregated in a liquid-crystalline state increased the Tm
recorded by calorimetry. The observations are consistent with
the hypothesis of Cherstvy and Kornyshev that an increase in
molecular interactions as the space between molecules
decreases can, in turn, lower the base pair free energy in the
helical state and thus increase the melting temperature.28

The calorimetry data in Figure 1b show that the melting
temperature of DNA fibers immersed in PEG solutions
increases with the PEG concentration. Similar results have
been reported for DNA dissolved in PEG solutions, and they
were attributed to the excluded volume effect.18,29 This assumes
that the volume of the solution unavailable to the DNA due to
the presence of PEG stabilizes the molecular conformation,
which occupies the smallest space, that is, the helix molecule.
However, PEG is not expected to penetrate the fibers in the
range of concentrations and molecular weight used in the
present study.10 If PEG is on the outside of the fibers, it is in
contact only with the DNA molecules on the surface of the
fibers, which are a small percentage of the total number of DNA
molecules in the sample. Thus, the excluded volume and
specific interactions of the PEG are expected to have little-to-no
effect on the recorded characteristics of the transition. Indeed,
PEG6k and PEG8k seem to have the same trend, suggesting,
following previous studies,18 that the excluded volume is not
affecting dramatically the Tm and verifying that PEG has not
penetrated the fibers.
The interaxial distance in the fibers changes in the presence

of PEG, as shown in Table 1 and observed previously.9 Thus,
changes in the confinement due to the presence of PEG seem
to be a main factor in the observed relation between Tm and
PEG concentration.

The calorimetry results published in the pilot study11 suggest
a similar trend. The measurements were performed on a fiber
sample immersed in a 0.5 M NaCl solution with 10% (w/w)
20 000 MW PEG, which has a higher salinity and much higher
PEG weight than those for the samples measured in Figure 1;
however, they showed an increased melting temperature and
width relative to those of a humidified fiber. The intermolecular
distance was not measured for this sample, but measurements
for a similar sample with 17% (w/w) 20 000 MW PEG showed
the intermolecular spacing to be ≈2% larger than that for the
humidified fiber, which is smaller than the values in Table 1. It
is reasonable to suggest that 10% PEG would have a larger
intermolecular spacing, comparable to the 3.33% increase found
for the PEG6k-20% sample. The melting temperature in the
pilot study was ≈95 °C, which is comparable to that found for
PEG6k-20%. The data are therefore consistent with the
hypothesis that confinement is a decisive factor in the eventual
melting temperature.
Figure 1c shows how the width of the transition of

submerged fibers decreases as the PEG concentration increases.
The width of the transition is related with its cooperativity, i.e.,
the tendency of the base pairs to open in contiguous segments.
Narrower transitions are more cooperative.30 Thus, Figure 1c
suggests that for submerged fibers cooperativity increases with
the PEG concentration, which is the opposite of what was
reported for the thermally induced helix-to-coil transition of
polymers in solutions both for experimental31 and theoretical32

studies. This suggests that the changes in the width of the
transition are primarily due to confinement.
It is worth noting that the changes in confinement are

relatively small with the increasing PEG concentration but that
the effects are relatively large. The diameter of a DNA molecule
is 20 Å−1. As shown in Table 1, the immersed fibers have only a
few extra angstroms between the outer parts of neighboring
molecules, but these result in a change of Tm by 10° and a drop
in the width by ≈40% over the concentration range in Figure
1b,c.

Neutron Diffraction. Overall, the data are an improvement
on the pilot study of DNA fibers submerged in PEG
solutions.11 The use of PEG solutions allowed the fibers to
swell without losing their orientation. The neutron experiment
was able to follow the evolution of the Bragg peak with
temperature. The PBD model was able to describe the data, and
the description was particularly good for the WOMBAT data.
Fiber collapse appears to be less of a problem than for
humidified fibers (cf. ref 11 and refs 6, 16); thus, the entire
melting transition could be followed.
The previous study showed that the transition is, to an

extent, reversible.11 In this sense, it is similar to a critical phase
transition. The diffuse scattering in Figure 5 increases rapidly at
the melting temperature. The PEG6k-17% and PEG6k-20%
samples show departures from a monotonic increase in the
diffuse scattering intensity close to the melting temperature.
These measurements suffered from relatively large temperature
fluctuations around the melting temperature, and it is likely that
the recorded intensity variations are a result of the time average
of the concomitantly fluctuating diffuse signal. The measure-
ments with better temperature stability at the melting transition
did not show these anomalous intensity variations.
These variations do not appear to be present in the

integrated intensities of the Bragg peaks of the affected
samples. A Bragg peak is due to coherent scattering from a
long-ranged, time-averaged order, whereas the diffuse scattering
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is more incoherent in nature. It may be that the diffuse
scattering is dominated by the DNA dynamics, particularly of
open base pairs, and its temperature dependence is driven by
changes in the spectral weight. This hypothesis is consistent
with the observation that D19, with the larger energy
integration, shows a larger increase in the diffuse scattering.
The PBD model uses one set of parameters for DNA and is

able to satisfactorily reproduce all of the data despite the change
in confinement brought about by the osmotic pressure. This
shows that the model is, within reasonable limits, insensitive to
confinement of the DNA and establishes that the analysis
shown in previous studies6,7,16 is sound.
It is noteworthy that most of the parameters in Table 2 are

the same as those for the humidified fibers6,16 and for genomic
DNA in solution.24 The only differences lie in the values of DAT
and DGC. Regarding the model, the unique effect of the
submersion of the fibers on the melting transition seems to be
in adjusting the apparent dissociation energy of the base pairs.
The success of the experimental configuration and the

osmotic pressure method to characterize the spatial correlations
throughout the DNA melting transition provides possibilities
for investigating the dependence of the transition on a number
of parameters. The sodium salt solution can be easily changed,
providing opportunities to investigate the dependence of the
transition on the cation type and concentration (e.g., refs 27
and 33). The melting of different conformations of DNA can
be tested by replacing the PEG solution with an ethanol
solution.34 It is also possible to investigate the dependence on
GC concentration,27 although the sample preparation would
require access to relatively large quantities of pure, genomic
DNA with significantly different GC fractions. For reference,
the GC concentrations for the two common commercially
available DNA are 41.2% for the salmon testes used in the
current study and 41.9% for DNA from calf thymus. These
opportunities will be explored in future work.

■ CONCLUSIONS
Calorimetry data have shown that PEG affects the melting
temperature and width of the melting transition of submerged
DNA fibers independent of its molecular weight in the range
studied. These effects seemed to be related mainly to the
osmotic pressure applied by PEG varying the intermolecular
distance. The PBD model was able to predict the melting
curves of the submerged DNA by scaling the interaction
between nucleotides by the melting temperature. A moderate
variation of the confinement does not seem to be an issue for
the application of the model. The results validate the use of the
PBD model to describe complex DNA denaturation curves and
include structural information that is lacking for a complete
understanding of the transition.
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